Ankle ligament sprains are the most common injury in soccer. The high rate of these injuries demonstrates a need for novel data collection methodologies. Therefore, soccer shoes and shin guards were instrumented with inertial sensors to measure ankle joint kinematics in the field. The purpose of this study was to assess test-retest reliability and concurrent criterion validity of a kinematic assessment using the instrumented soccer equipment. Twelve soccer athletes performed athletic maneuvers in the laboratory and field during 2 sessions. In the laboratory, ankle joint kinematics were simultaneously measured with the instrumented equipment and a conventional motion analysis system. Reliability was assessed using ICC and validity was assessed using correlation coefficients and RMSE. While our design criteria of good test-retest reliability was not supported (ICC > .80), sagittal plane ICCs were mostly fair to good and similar to motion analysis results; and sagittal plane data were valid (r = .90-.98; RMSE < 5°). Frontal and transverse plane data were not valid (r < .562; RMSE > 3°). Our results indicate that the instrumented soccer equipment can be used to measure sagittal plane ankle joint kinematics. Biomechanical studies support the utility of sagittal plane measures for lower extremity injury prevention.
Soccer is played worldwide by more than 265 million players, with over 24 million players in the United States. 1 Ankle ligament sprains are the most common injury type in soccer, 2, 3 and athletes that sustain ankle sprains also suffer from recurrent sprains due to ankle instability, 4, 5 incur proprioceptive deficits, [6] [7] [8] and are at greater risk of developing ankle osteoarthritis in the future. 9, 10 The high rate of ankle injuries and potential for long-term damage demonstrates a need for novel and advanced data collection methodologies that may facilitate the capture of game-like movement.
The laboratory gold standard for collecting human kinematics is a video-based optoelectronic motion analysis system, 11 but inertial-based motion analysis systems are gaining popularity. Optoelectronic systems are typically limited to indoor laboratory environments, cannot be used during athletic competition, and are prone to data loss due to line-of-sight difficulties. 12 Inertial-based motion analysis systems are portable and not limited to small capture volumes. Reliability and validity of inertial sensors measuring ankle joint kinematics have been assessed in studies that employed maneuvers slower than the proposed study and used different statistical analyses. Cloete and Scheffer 13 found highly reliable joint kinematics during gait using the coefficient of multiple determination (CMD) and coefficient of multiple correlations (CMC). CMD and CMC are commonly reported in the literature, but are limited in assessing reliability because correlations do not provide information about the difference between 2 waveform magnitudes, only the level of linear relationship. 14 For this reason, intraclass correlation coefficients (ICCs) are recommended to calculate test-retest reliability of instruments. 15 Validity has been assessed using correlation coefficients [16] [17] [18] and CMC 19 with values that ranged from .08 to .98. [16] [17] [18] [19] The conflicting results of these studies suggest that more research is needed to investigate the use of such sensors to collect kinematic data. In addition, no studies have attempted to instrument soccer equipment to collect ankle kinematics.
The purpose of this study was to assess reliability and validity of a kinematic assessment using instrumented soccer equipment during athletic maneuvers in the laboratory and field. Design criteria were good test-retest reliability (ICC > .80) and standard error of measurement (SEM) < 5° for plantar flexion/dorsiflexion and < 3° for inversion/eversion; and valid with excellent correlation coefficients (r > .95) and root mean square error (RMSE) < 5° for plantar flexion/dorsiflexion and < 3° for inversion/eversion as compared with a video-based motion analysis system.
Methods

Participants
An a priori power calculation was based on a correlation test used to assess concurrent criterion validity. A total of 12 participants were required using a power of 0.90, alpha of .05, a null hypothesis of ρ 0 = 0.65, and an alternative hypothesis of ρ 1 = 0.95. Healthy male soccer players were recruited and enrolled in the study (age = 26.3 ± 4.1 y; height = 178.3 ± 7.2 cm; mass = 78.5 ± 7.0 kg). They were recreational soccer athletes and all were right-footed. Inclusion criteria for participants were participation in competitive soccer matches once a week and physical activity for at least 30 minutes, 3 times per week. Participants were excluded if they reported a history of ankle injury or instability, recent (3 months) lower extremity musculoskeletal injury, major ligamentous injury or surgery of the knee or ankle, or concussion or mild head injury within the previous year. Written informed consent approved by the university institutional review board was obtained before participation. ing is the most common mechanism of noncontact ankle sprain injuries in soccer athletes. [22] [23] [24] [25] Participants performed 2 soccerspecific maneuvers in a climate-controlled indoor practice facility with FieldTurf (Tarkett, Inc., Calhoun, GA). The 2 soccer-specific maneuvers were a jump header and moving header (Figure 2 ). Three trials of each maneuver were collected with 60 seconds of rest in between trials to prevent fatigue. The landing phase of each maneuver was used for analysis.
Data Reduction
Ankle joint kinematics from the video-based motion analysis system were calculated using the PIG model. 26, 27 Ankle joint kinematics from the MARG system were estimated from the orientation of both MARGs using the gradient descent algorithm. 20 After the instrumented soccer equipment were attached to the participant, a static calibration pose was used to determine initial sensor-tosensor orientation. Three dynamic calibration motions were used to establish orientation matrices to transform from the MARG coordinate system to the segment's anatomical coordinate systems (based on O'Donovan et al 28 ). They were: whole body rotation about the longitudinal axis of the test limb to define the vertical anatomical axis for the tibia and foot MARGs; heel lifts to define the joint axis of rotation for the foot; and squats to define the joint axis of rotation for the tibia. Orientation of the foot segment with respect to the tibia segment was used to calculate joint angles from the
Instrumentation
Soccer turf shoes and shin guards were instrumented ( Figure 1 ) with the inertial sensors called magnetic field angular rate and gravity (MARG) sensors. The MARG contained a 3D linear accelerometer (± 8 g), 3D angular rate sensor (gyroscope) (± 2000°s -1 ), and 3D magnetometer (± 8.1 G) to measure sensor orientation at 256 Hz (x-IMU, x-io Technologies Limited, UK). The MARG accuracy was previously assessed with < .8° static RMSE and < 1.7° dynamic RMSE. 20 Ankle joint kinematic data were also collected using a 3D video-based motion analysis system with 8 high-speed cameras at 256 Hz (Vicon Motion Systems, Centennial, CO). Maximum vertical jump height was measured using a Vertec Vertical Jump tester (Sports Imports, Columbus, OH).
Procedures
Participants reported to the laboratory for 2 sessions, 1 week apart to minimize fatigue or memory bias effects. 15 All procedures were performed on day 1, and laboratory and field assessments were repeated on day 2. Participants wore instrumented soccer turf shoes and shin guards for all laboratory and field testing. Equipment on the dominant limb were instrumented and equipment on the other limb were not. Height, mass, leg length, knee width, and ankle width were recorded. Sixteen retro-reflective markers were adhered bilaterally to the lower extremity using the Plug-In Gait (PIG) conventional gait model (Vicon Motion Systems, Centennial, CO).
Participants performed a 5-minute warm-up on a stationary bicycle at a self-selected intensity. Maximum vertical jump height was assessed and used to place the soccer ball height during field maneuvers. The ball was placed at 50% of the participant's maximum vertical jump height. 21 Participants performed 3 athletic maneuvers in the laboratory: drop landing, drop jump, and stop jump ( Figure 2 ). These maneuvers were selected because land- The drop jump maneuver was the same as the drop landing maneuver except a maximal vertical jump was performed immediately after landing. (c) The stop jump maneuver was a 2-footed jump from 40% of the participant's height to a marked landing location. Immediately after landing with both feet, participants performed a 2-footed vertical jump for maximum height. (d) The jump header maneuver was performed by jumping vertically and striking the ball with the forehead and landing with both feet. (e) The moving header maneuver was performed using a 3 step approach, jumping vertically, striking the ball with the forehead, and landing with both feet. orientation matrix. Plantar flexion, inversion, and internal rotation angles at initial contact, peak during the landing phase, and overall angular displacement were identified using a custom Matlab script (The MathWorks Inc., Natick, MA). The mean of the 3 trials was used for analysis. MARG and video-based motion analysis data were synchronized using a synchronization pulse (trailing edge of a 1 Hz square wave) generated with a microcontroller.
Initial contact for the instrumented soccer equipment was estimated as the local minimum of foot vertical acceleration that occurred after the ankle began to move into dorsiflexion. 29 Initial contact for the video-based motion analysis system was estimated as the local maximum marker acceleration. 30, 31 The algorithm was applied to the heel and toe markers where the local maximum marker acceleration that occurred first was selected as initial contact.
Statistical Analysis
ICCs (2,1) and 95% confidence interval (CI) were used to calculate intersession test-retest reliability 15 and SEM was calculated to obtain an absolute measure of the measurement error in degrees. Concurrent criterion validity of the instrumented soccer equipment was assessed by comparing ankle plantar flexion, inversion, and internal rotation angles measured simultaneously from the MARG and the video-based motion analysis system (using data from day 1). Pearson product-moment correlation coefficients and RMSE were used to quantify differences between MARG and video-based ankle joint kinematics. ICCs were interpreted as poor (< .40), fair to good (.40-.75), and excellent (≥ .75) using Fleiss' criteria. 32 
Results
Data from 12 healthy male soccer players were used for analysis. Representative ankle joint kinematics from the instrumented soccer equipment and video-based system during the drop landing maneuver are illustrated in Figure 3 . Reliability measures for all planes were mostly fair to good 32 and similar to our PIG results (Tables 1  and 2 ). Sagittal plane data were highly correlated (r = .900 to .975) for all maneuvers and RMSE was < 5° for drop landing, drop jump, and stop jump maneuvers (Table 3 ). Frontal plane data were poorly correlated (r = -.074 to .562) for all maneuvers and RMSE was > 3° for all maneuvers, except drop landing (RMSE = 2.86). Transverse plane data were poorly correlated for all maneuvers and RMSE was > 3° for all maneuvers.
Discussion
Ankle ligament sprain injuries are the most common injury type in soccer athletes, 2,3 and measurement of ankle joint kinematics in the field may help to reduce these injuries. The purpose of this study was to assess reliability and validity of a kinematic assessment using the instrumented soccer equipment during athletic maneuvers in the laboratory and field. We concluded that sagittal plane measurements from the instrumented soccer equipment were accurate, valid, and moderately reliable; frontal and transverse planes were not. The instrumented soccer equipment performed well in the sagittal plane during athletic maneuvers in the laboratory and field. While our design criteria of good test-retest reliability was not supported, sagittal plane ICCs were mostly fair to good 32 and similar to our PIG results (Tables 1 and 2 ). Cloete and Scheffer 13 found excellent reliability during gait, a much slower activity than the athletic maneuvers performed in this study. Sagittal plane measurements were also valid and accurate with very good to excellent correlation coefficients (r > .90) and low RMSE (< 5.0°). Our results are consistent with the literature where correlation coefficients ranged from .93 to .98 16, 18, 19 and RMSE ranged from 0.3° to 4.5°. 16, 18, 28, 36 Conversely, Cloete and Scheffer 17 found poor sagittal plane correlations (r = .08 to .17) and RMSE (11.6°) during gait. Frontal and transverse plane measurements with the instrumented soccer equipment were not valid (r = -.22 to .65) or accurate (RMSE > 3.0°), which differs from previous gait studies. [17] [18] [19] Overall, sagittal plane measures from the instrumented soccer equipment were accurate, valid, and moderately reliable.
Biomechanical studies support the clinical utility of sagittal plane measures from the instrumented soccer equipment to be used as an injury prevention tool for the ankle [37] [38] [39] and knee. [40] [41] [42] Brown et al 37 identified that individuals with mechanical ankle instability perform landing tasks using decreased sagittal plane ankle displacement. Decreased sagittal plane ankle displacement was also present during an accidental inversion ankle sprain injury as compared with trials before the injury. 38 Furthermore, a forward dynamic simulation of a side-shuffle movement reported that increased plantar flexion at initial contact increased ankle sprain occurrences. 39 For the knee, decreased sagittal plane ankle displacement during landing is also associated with greater knee valgus displacement 41 and greater peak landing forces, 40, 42 both of which are noncontact anterior cruciate ligament injury risk factors. Sagittal plane ankle joint kinematics are easily measured with the instrumented soccer equipment and provide clinically-relevant information to prevent noncontact ankle and knee injuries.
Possible reasons for not finding valid frontal and transverse plane measurements include smaller range of motion during the maneuvers, axis of rotation estimation, and use of the PIG model. Impact accelerations at landing may have introduced error into the orientation estimation algorithm. The algorithm compensates for magnetic field distortion and gyroscope bias drift, but not for the large accelerations experienced during impacts. Future research should investigate alternate orientation estimation algorithms that compensate for large accelerations to improve kinematic measurements of the instrumented soccer equipment-and MARG in general-during high-impact tasks such as the athletic maneuvers performed in this study. Note. RMSE = root mean square error.
